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Regeneration and repair are mutually-exclusive, adaptive responses to injury. The events associated with each
process are well characterized. However, cellular and molecular mechanisms for their regulation are only now
beginning to be defined. Moreover, full appreciation for factors that predispose to these contrasting pathways is not
yet available. This article presents a perspective on regeneration and repair that suggests specific relationships
between these modes of responding to injury. Injury provokes a coordinated pattern of response to tissue damage.
At the wound site, local events determine whether tissue restoration or replacement occurs. Interplay among
parenchymal and stromal cells at the site of injury, elements of the inflammatory infiltrate, and components of the
immediate wound environment contribute to selecting an effector population for activation. The proposed model
suggests that selecting parenchymal cells over stroma favors regeneration while the opposite favors repair. In addition,
this model indicates that an integral aspect of both processes is the reintegration of effector cells into the damaged
tissue or organ. Numerous illustrations suggest that regeneration and repair share common roots but diverge after
injury. Viewing regeneration and repair as two equivalent pathways along the same continuum provides an integrative
approach to resolving the apparent contrasts between these two means of responding to injury. Focusing on their
parallels should facilitate defining means through which crossover from one process to the other might be achieved.

INTRODUCTION

"Two roads diverged in a wood, and II took the one less traveled by.
And that has made all the difference."
Robert Frost, Ibe Road Not Taken
(© 1969, Holt, Rinehart, Winston)
Injury to tissues or organs triggers adaptive
responses aimed at re-establishing tissue integrity and
homeostasis. The events that occur lead either to
replacement or restoration of the damaged tissues.
Replacement of damaged tissue with connective tissue
is perhaps the most common solution to injury
encountered in mammals and is known as wound
repair. Restoration of damaged tissue, referred to as
regeneration, is less common and seems restricted to
certain tissues. Accordingly, (with apologies to Robert
Frost) regeneration can be viewed as the road less
traveled for resolving problems caused by injury.
Regeneration and repair are contrasting and
distinct means of redressing tissue damage. Processes
comparable to epimorphic regeneration of amphibian
appendages are not readily identified in adult
mammals. Nevertheless, mammals possess considerable regenerative capacity. Reviews of liver
(Michalopoulos, 1990; Fausto and Webber, 1994),
skeletal muscle (Carlson, 1972; Grounds, 1991), and

neural regeneration (Nicholls, 1982; Schwab and
Bartholdi, 1996) speak to this point. One· might ask
'What distinguishes these tissues and organs from
those displaying lesser capacity, or tendency, to
regenerate' ? No simple answer is yet available. The
following discussion provides a model that might
suggest possible answers.

REGENERATION -

AN ADAPTIVE RESPONSE TO

INJURY
The ultimate objective following any insult is
restoration of a normal steady state. This principle,
which is the underlying precept in physiology, is no
less applicable to responses to tissue damage.
However, in the case of injury, tissue integrity as well
as functional status have been disturbed. Consequently
routine homeostatic adjustments might appear inadequate to restore the original steady state. Nevertheless,
the responses encountered in amphibians or mammals
following injury represent multi-focal homeostatic
adjustments.
Successful restoration of the original steady state
following injury should be accompanied by both
morphological and physiological restoration; in other
words, complete regeneration. This occurs in some,
but clearly not all, cases. For example, during
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epimorphic regeneration of amphibian appendages
(Schmidt, 1968) and, to a lesser extent, during
regeneration of adult mammalian skeletal muscle
(Grounds, 1991; Carlson and Faulkner, 1983) tissue or
organ form and function are restored. Yet in other
instances, functional restoration is achieved without
actual anatomical restoration. This is the case when
compensatory hyperplasia is used to restore organ
mass (with appropriate tissue architecture) following
partial hepatectomy (Kanan and McLaren, 1983).
However, in numerous other cases, a new steady state
is created in which neither morphological nor
physiological integrity are restored. This is the
outcome in tissue repair where connective tissue is
used to fill the void created by injury.
Repair, rather than regeneration, as a means of
resolving tissue damage is considered a compromise
between competing demands for tissue restoration and
survival of the injured individual. Goss (1992) has
suggested that repair is invoked because it is a more
rapid solution and decreases the interval during which
the injured individual is at risk. Because repair is so
extensively used by mammals as a response to injury,
does it represent a loss of regenerative capacity? The
position presented here rejects this notion. Rather,
regeneration and repair are viewed as alternative
responses, although regeneration is seldom expressed
or invoked. Both responses to injury employ similar, if
not identical, regulatory signals. Which pathway is
invoked to resolve tissue damage depends upon either
the initial selection of parenchymal cells or stromal
cells (for example, fibroblasts) as primary effectors or
the modulatio"n of phenotypic expression of activated
effector cells at the site of injury.
Thus, regeneration is cast as the preferred adaptive
response to tissue and organ damage. The failure to
encounter regeneration as a more usual response is
viewed as a skewing of interactive events at the site of
injury that confers an advantage to stromal cells
immediately after injury. Modifying the response to
injury should be possible when conditions (or factors)
can be identified that transfer this advantage to the
parenchymal cells of the affected tissue or organ.
PHYSIOLOGICAL REGENERATION GROUND

COMMON

Suggestions that regeneration persists as a
universal adaptive response are found in daily renewal
of certain tissues. For example, the blood, the lining of
the intestinal tract, and the skin are constantly being
renewed. This has been identified by some as
"physiological regeneration" to distinguish it from
"reparative regeneration" (Vorontsova and Liosner,
1960; Hay, 1966). Each of these tissues displays an
intrinsic steady-state level of renewal. However, injury
evokes adaptive responses from these tissues that can
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be likened to "reparative" regeneration. Adaptive
change in hematopoietic activity of red bone marrow
following acute blood loss aptly illustrates this. While
daily erythrocyte replacement proceeds at a low
steady-state level (physiological regeneration),
following acute blood loss, the rate of erythropoiesis
can be markedly elevated transiently to restore
circulating erythrocyte mass to former levels
(reparative regeneration).
REGENERATING AMPHIBIAN LIMBS REGENERATION VERSUS REPAIR

Amputation of an amphibian limb leads to
regeneration of an identical replacement (Schmidt,
1968). During the first days after amputation, a wound
epithelium forms by migration of epithelial cells over
the wound surface and an acute inflammatory
response occurs which is histologically similar to that
seen in mammals. Dissolution of tissue matrices occurs
over the next several days liberating cells that are
believed to dedifferentiate. Proliferation of these cells,
accompanied by infiltration by macrophages and
dermal fibroblasts, leads to the formation of a visible
regeneration blastema about two weeks after
amputation. This mass grows progressively over the
next several weeks. The cells of the regeneration
blastema redifferentiate and a proximodistal wave of
histogenesis begins towards the end of the third week
after amputation. Finally, through events of pattern
formation, the original morphology of the limb is
restored.
The precise origin of the regeneration blastema
has not been determined conclusively nor have the
properties and potentials of blastema cells been established unequivocally (Stocum, 1995). The regeneration
blastema, which is composed of an embryonic-like
mesenchyme, is derived through dedifferentiation of
muscle and skeletal cells near the site of injury (Hay
and Fischman, 1961; Kintner and Brockes, 1984) and
migration of a substantial dermally-derived fibroblast
population (Muncoka, Fox and Bryant, 19H4).
Blastema cells appear to have metaplastic potential.
For example, the fibroblastic and myogenic cells can
differentiate into cartilage (Lo, Allen, and Brockes,
1993; Thornton, 1938; Steen, 1968; Namenwirth, 1974)
as well as reverting to their former phenotypes.
Dedifferentiation and metaplasia are not displayed by
cells engaged in regeneration in mammals; however,
differentiation of stem or progenitor cells of specific
phenotypes is encountered in most regenerating
mammalian tissues (see figure below).
Faithful regeneration of a limb does not always
occur following amputation. For example, limb
denervation or endocrine manipulation can subvert
regeneration and induce formation of scar tissue
(Stocum, 1995; Tassava and Olsen, 1985; Liversage,
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McLaughlin, McLaughlin, 1985). These manipulations
deprive cells at the wound site of important regulatory
signals. The consequences of these interventions are
that either a blastema fails to form or the blastema
which initially appears is subsequently resorbed.
During regeneration of amphibian limbs, the
composition of the extracellular matrix changes
dramatically (Toole and Gross, 1971; Mailman and
Dresden, 1976; Gulati, Zalewski, and Reddi, 1983) and
displays striking parallels with matrix alterations that
occur during limb embryogenesis (Stocum, 1995).
Limb denervation aborts regeneration and redirects
extracellular matrix metabolism. For example, following denervation there is an abrupt reduction in glycosaminoglycan synthesis (Smith, Toole, and Gross,
1975). The profiles of glycosaminoglycan and collagen
production that result bear considerable resemblance
to those seen in mammalian wound healing (Dunphy
and Udupa, 1955). In conjunction with these
alterations, proliferation of blastema cells is blocked
(Tassava and Olsen, 1985) leading either to
accumulation of a regeneration blastema (inhibited
regeneration) or to arrested progression (suppressed
regeneration).
These observations suggest that cells at the site of
injury can be mobilized in different ways. Under one
set of circumstances, components of the inflammatory
infiltrate interact with local effector cells and promote
regeneration. However, when the local environment is
perturbed as the result of depriving the limb of an
active nerve supply or a normal endocrine environment, an entirely different scenario unfolds and excessive connective tissue is produced. How the complexion of the local environment and the interaction of
cells at the site of injury with this environment give rise
to the divergent results seen has yet to be determined.
Nevertheless, it seems reasonable to conclude that
either different cells are used to achieve regeneration
and repair or that the cells responding to injury are
directed down different pathways.

InJUry, which disturbs muscle integrity, activation of
satellite cells occurs. Expansion of this population is
achieved through cell proliferation generating raw
material for regeneration of damaged muscle tissue.
However, the pool of activated satellite cells must
undergo differentiation into functional myocytes and
skeletal muscle fibers. Ultimately, these newly formed
elements must become effectively integrated into the
muscle in order for regeneration to be successfully
concluded.

'PROLIFERATE
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Figure 1. Cycle of events during skeletal muscle
regeneration. Injury triggers activation of muscle satellite
cells which initiates regeneration. The population is
expanded through proliferation. Differentiation of myoblasts
and their reintegration into myotubes and muscle fibers
completes the process. Growth factors that potentially
regulate progression through these stages are identified. The
representation of these factors does not preclude the
contribution of other modulators of skeletal muscle
regeneration.
Key: bFGF, basic fibroblast growth factor, HGF,
hepatocyte growth factor, IGF-1, insulin-like growth factor I,
TGF-[3, transforming growth factor beta 1.

SKELETAL MUSCLE AND LIVER REGENERATIONMAMMALIAN EXAMPLES

Skeletal muscle can regenerate following injury
(Carlson, 1972; Carlson and Faulkner, 1983). This
process depends upon a myogenic precursor, the
skeletal muscle satellite cell (Campion, 1984).
Following injury, damaged muscle fibers degenerate
and satellite cells are stimulated to proliferate. Later,
these satellite cells differentiate both morphologically
and biochemically. They contribute to the formation of
new muscle mass either by fusing with existing muscle
fibers or through the creation of new myofibers.
At the cellular level, the major events of skeletal
muscle regeneration can be depicted as comprising
components of a cyclical process (Fig. 1). Following
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The cellular events of skeletal muscle regeneration
are initiated and coordinated by a host of soluble
growth factors and extracellular matrix components
within the wound environment (Grounds, 1991).
Fibroblast growth factor (FGF), hepatocyte growth
factor (HGF), insulin-like growth factor I (IGF-1), and
transforming growth factor-beta (TGF-~) appear to be
the more important growth factors promoting skeletal
muscle regeneration. HGF is released into the
environment of the injured muscle and can stimulate
selective proliferation of satellite cells over fibroblasts
(Allen, et al, 1995). FGF and IGF-I can stimulate
myoblast proliferation, IGF-1 can promote myogenesis,
and TGF-~ can modulate expression of myogenesis
(Allen and Boxhorn, 1989). In addition, the quality of
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regeneration is affected by systemic factors such as
hormones, innervation, and vascularization (Grounds,
1991; Carlson and Faulkner, 1983).
Mammalian liver also displays remarkable
regenerative capacity which can be manifest in either
of two ways. Compensatory hyperplasia, the better
understood of the two processes, seems to be invoked
following major loss of liver mass and occurs very
rapidly (Karran and McLaren, 1985; Columbano and
Shinozuka, 1996). Although liver function and tissue
mass are restored to preinjury levels, the liver itself is
not restored anatomically. This means of restoring liver
mass differs from skeletal muscle regeneration in that
a parenchympal stem cell precursor is not the primary
effector cell used. Rather, compensatory hyperplasia
appears to entail a symmetric expansion of the
remaining liver. An alternative means through which
liver regeneration can occur is through direct
hyperplasia (Columbano and Shinozuka, 1996), which
more closely resembles skeletal muscle regeneration.
This means of regenerating hepatic mass relies on
proliferation of existing hepatocytes (Columbano and
Shinozuka, 1996) or on proliferation and differentiation of hepatic stem cells (Thorgiersson, 1996).
Significant contribution of stem cells to hepatic
regeneration appears to be invoked when the
remaining differentiated cells are functionally impaired
and unable to proliferate, as might occur following
chemical insult (for example, alcohol, carbon
tetrachloride, chloroform, halothane).
In both instances, proliferation in the liver is
increased. However, the factors responsible appear to
be distinct · between compensatory and direct
hyperplasia (Columbano and Shinozuka, 1996;
Thorgiersson, 1996). In addition, the mechanisms
through which they act also differ. For example, the
major proliferation associated with compensatory
hyperplasia following hepatocyte damage or loss is
promoted primarily by TGF-alpha (TGF-a), HGF, and
acidic FGF (aFGF). Early activation of hepatic stem
cells seems to require signaling through the stem cell
factor/c-kit [cellular oncogene-derived membrane
receptor tyrosine kinase] system, as well. These factors
stimulate expression of particular genes (for example,
c-Jos, c-jun, egr-1, and c-myc [cellular oncogenes]) that
encode proteins part1c1pating in transcriptional
regulation. As a result, intracellular signaling triggered
by these growth factors leads to initiation of and
progression through the cell proliferation cycle. In
contrast, direct hyperplasia, which can be induced in
the absence of cell damage or loss, is driven by tumor
necrosis factor alpha and certain other direct mitogens.
In direct hyperplasia production and use of the
aforementioned transcriptional regulators is not
increased; rather proliferation is coordinated through
activation of nuclear hormone receptors.
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TGF-~1 is another growth factor that is produced
during liver regeneration. This factor appears to limit
expansion of liver mass during compensatory
hyperplasia (Thorgiersson, 1996). However, TGF-~1
also can stimulate collagen and fibronectin production
by mesenchymal cells (Rojkind and Greenwel, 1992).
Thus, TGF-~1 can modulate the degree of hepatic
expansion during regeneration as well as promote
events contributing to cirrhosis. In addition, factors
such as interleukin-1, which are released during
inflammatory reactions, also promote collagen
deposition. The magnitude of damage can determine
whether regeneration or cirrhosis occurs following
injury (Rojkind and Greenwel, 1992). It has been
suggested that cirrhosis, rather than regeneration, is
induced when the amount of cell loss is small.
Consequently, in these examples, the amount and
types of growth factors produced might determine
whether regeneration or repair is activated following
injury. In addition, characteristics of the inflammatory
reaction following injury might contribute to selection
of the pattern of response invoked to correct the
cellular and tissue damage induced.

REGENERATION AND REPAIR - ALTERNATIVE
PATHWAYS (?)

The events of regeneration and repair can be
assigned to one of three phases: initiation, progression,
or resolution. The portrayal in figure 1 of skeletal
muscle regeneration as a cyclical process suggests that
four distinguishable stages exist. During the first stage,
activation and selection of an effector population (for
example, satellite cells for skeletal muscle; hepatocytes
or hepatic stem cells for liver) take place which set the
stage for subsequent events. As post-injury events
progress into the second stage, this population of
effector cells is expanded and participates in forming
the transitional post-injury environment. During the
third stage, expansion of the activated cell population
is replaced by commitment to and initial expression of
functional traits. An interval will exist during this
process when some cells still are actively proliferating
while others are committing to and expressing their
terminal fates. Finally, reintegration into the damaged
tissue occurs. These latter two stages might not be
sharply distinct from each other. Nevertheless,
reintegration completes the restorative process.
Figure 2 depicts repair and regeneration as parallel
processes. Repair passes through similar phases to
those depicted for skeletal muscle regeneration.
However, two major features distinguish these
processes from each other. First, they rely on different
effector cells to achieve final resolution. Second, the
quality of outcome differs - wound repair generates
extra connective tissue (aborted cycle on the left)
whereas regeneration restores tissue integrity
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(complete cycle on the right). The scheme outlined in
figure 2 also notes that there are alternatives to
symmetric (the cycles) repair or regeneration. These
are represented by outcomes that lie outside the two
major cycles.

WOUND REPAIR

REGENERATION
Compensatory
hyperplasia. or
hypertrophy

scan·
adhesions;
keloida;

etc.

Figure 2. Wound repair and regeneration as alternative
responses to injury. Repair is an abortive attempt to restore
tissue integrity, whereas regeneration restores preinjury
functional and possibly structural status. See text for other
details.

If stromal elements are favored, the response that
follows is that typically associated with mammalian
wound repair (Dunphy and Udupa, 1955; Davidson,
1992; Clark, 1996). Specifically, fibroblasts are
mobilized, activated, and expanded. The ensuing
fibroplasia and fibrosis lead to the deposition of
greater amounts of connective tissue matrix at the site
of injury. The result is tissue replacement with some
reduction in functional integrity. Wound repair might
proceed in a pathological manner, depicted by
pathways lying outside the cycle of figure 2 (Davidson,
1992; Glyn, 1981; Marks, 1981; Murray and Pinnell,
1992). For example, normal repair events might be
over- or under-expressed leading to conditions such as
keloids, adhesions, hypertrophic scars, or other
fibroses. Alternatively, repair might not proceed
effectively as represented by nonhealing wounds.
On the other hand, if parenchymal elements are
activated, the potential for regeneration exists. There
are several distinct mechanisms for regeneration. For
example, tissue and epimorphic regeneration draw o~
local parenchymal tissues which are expanded and
reintegrated into the parent tissues. Regeneration of
amphibian limbs and mammalian skeletal muscle (as
outlined above) represent examples of these
processes. Alternatively, compensatory mechanisms
might be used to achieve functional, if not anatomical,
restoration. Liver regeneration through compensatory
hyperplasia best illustrates this. Although anatomical
and morphological integrity are not regained,
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physiological restoration is achieved (which does not
occur in repair). As with repair, there can be under- or
overexpression of regenerative processes. In these
instances, the fidelity of the restored tissue is affected.
Regeneration also might be aborted. This yields
products that can appear tumorlike. Alternatively,
regeneration might be diverted to produce scar tissue
(which possibly represents a shift in the mode of
response).

Initiation
Events associated with injury can lead to selective
activation of either parenchymal or stromal cells. For
example, crush injury of skeletal muscle leads to a
nearly immediate release of factors which are
selectively mitogenic for myoblasts (Bischoff, 1986).
Initial efforts to characterize the relevant factor(s)
excluded most major growth factors with suspected
roles in wound healing and myogenesis, including
basic FGF, IGF-1, epidermal growth factor, and
platelet-derived growth factor (Chen and Quinn,
1992). More recently, it was suggested that HGF might
be the elusive factor (Allen, et at, 1984). HGF is
present in media conditioned by crush-injured muscle.
More importantly, HGF is mitogenic for myoblasts but
not fibroblasts. While both myoblasts and· fibroblasts
possess receptors for the other growth factors listed
above, myoblasts have HGF receptors but fibroblasts
lack them.
Muscle injury is not the only means of inducing
tissue damage associated with release or production of
factor(s) capable of affecting the course of subsequent
events. For example, following hepatic injury, it
appears that whether hepatic stem cells, differentiated
hepatic cells, or stromal cells are activated is
determined by factors made available immediately
after injury (Columbano and Shinozuka, 1989;
Thorgiersson, 1989; Rojkind and Greenwel, 1989). In
particular, factors released or produced immediately
after partial hepatectomy are responsible for induction
(turning on or activating) or upregulation (increasing
the level of activity or expression) of more than 70
genes (Haber, et al, 1993).
Events occurring during this period are critical
determinants of the character of the future course of
events. Failure of stump tissues of the amputated
amphibian limb to dedifferentiate prevents a
regeneration blastema from forming and precludes
limb regeneration (Schmidt, 1968; Stocum, 1995; Hay
and Fischman, 1961). Without activated satellite cells,
skeletal muscle regeneration does not occur (Grounds,
1991; Campion, 1984). Unless hepatic stem cells of ·
differentiated hepatocyes are primed (Fausto, Laird,
and Webber, 1995) and activated, liver regeneration
does not occur (Columbano and Shinozuka, 1989;
Thorgiersson, 1989; Rojkind and Greenwel, 1989). In
all these instances, fibrotic tissue is generated instead.
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As presented, repair seems to represent a default
response. However, these observations also suggest
that some input required to initiate regeneration has
not been provided. The ability to alter the course or
postinjury resolution through disease or intervention in
the laboratory indicates that alternative pathways to
resolving tissue damage are possible. More
importantly, these observations suggest that the
converse might be possible as well; specifically, that
regeneration rather than repair can be attained
following injury.
The model presented here (Fig. 2) suggests that
repair and regeneration are competitive and mutuallyexclusive alternatives to resolving tissue damage. This
model also implies several possibilities for the natural
failure to obtain regeneration following tissue damage.
Three readily apparent alternatives include: (i)
regeneration-specific signals are absent, (ii) regeneration-specific signals are suppressed, (iii) repair events
are activated too rapidly, thereby impeding or
preventing activation of parenchymal cells. The first
two alternatives anticipate that some unique bloactive
factor or combination of factors (for example, growth
factors or extracellular matrix components, as
discussed above) distinguishes a tissue or environment
conducive to, or supportive of, regeneration from one
that is not. The third alternative suggests that various
interactions, such as those promoted by the
inflammatory and immune responses, bias local
responses towards either repair or regeneration.
Contributions of inflammatory and immune responses
to wound healing have been amply described (Barbul,
1992; Riches; 1996) and have been suggested for
regeneration (Sicard, 1985; Sicard and Lombard, 1989).
Comparisons of repair and regeneration models will
help discriminate among these alternatives.
Progression
The progressive phases of both repair and
regeneration are characterized by accumulation of
tissue mass. Tissue expansion is dependent upon
systemic and local factors. Vascularization, innervation,
and hormones are among the better characterized
systemic contributors. Growth factors, extracellular
matrix, and inflammatory cells represent the more
important local factors. Similarities and differences
among these factors as they relate to repair and
regeneration have been alluded to above. Differences
in the roles of bioactive agents at the injury site are
probably due as much to differences in the properties
of local cells as to the agents themselves.
These several factors cooperatively provide an
environment that sustains proliferation of several cell
types and also modulates functional expression of
these cells. For example, interstitial fluids from a
common wound healing model (polyvinyl alcohol
[PVA] sponges) stimulate fibroblast (Pricolo, et a!,
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1990; Regan, et al, 1991) and myoblast (Sicard and
Nguyen, 1994) proliferation in culture. Thus, factors
are present within the injury environment that can
promote proliferation of effector cells regardless of
whether they participate in regeneration or repair.
Wound fluids also stimulate collagen production by
fibroblasts in culture (Pricolo, eta!, 1990; Regan, et at,
1991). On the other hand, wounds of streptozotocininduced diabetic rats (a model of impaired healing)
display reduced collagen content and increased
gelatinase activity (Bitar and Labbad, 1996). In wound
fluids from this latter study, IGF-1 and TGF-~ levels
were only 50% that of normal. These observations
suggest that collagen production by fibroblasts, at
least, can be modulated by soluble factors present in
the wound environment.
Cross-talk between cells at the site of injury also
occurs with potential consequences to the nature and
quality of post-injury resolution. When regenerating
minced muscle is incorporated into the PVA sponge
wound healing model, both the amount of connective
tissue that accumulates (Sicard and Nguyen, 1996) and
its biochemical composition (Sicard, et a!, 1996) are
altered. Specifically, nearly twice as much connective
tissue forms when regenerating skeletal muscle is
present. Furthermore, this tissue has greater
DNA:protein and noncollagen protein:collagen ratios,
suggesting a more immature (or regeneration-like)
connective tissue.
This, or related, cross-talk also might affect the
role played by resident and infiltrating macrophages,
as well as other resident antigen-presenting cells (for
example, dendritic cells), at the site of injury. These
cells can participate in post-injury events through
multiple, but not necessarily mutually exclusive, ways.
For example, macrophages can act as professional
phagocytes, sources of cytotoxins, or sources of
growth factors (Riches, 1995). These roles are clearly
instrumental in promoting wound repair (Riches,
1992). However, it also has been proposed that the
phagocytic role of macrophages is important or
necessary for regeneration (Grounds, 1987, Lang and
Bishop, 1993). More recently, it has been suggested
that macrophages can be conditioned by regenerating
tissue to play a more active role in promoting
regeneration (Lazarov-Spiegler, eta!, 1996). Peritoneal
macrophages cocultured with segments of sciatic
nerve (which regenerates), but not optic nerve (which
does not regenerate), enhanced axonal sprouting from
severed optic nerves into which they were introduced
(Lazarov-Spiegler, eta!, 1996).
The progressive events of repair and regeneration
are influenced by a diverse array of factors, both
sytemic and local. These factors exert influences that
are not necessarily outcome-specific. Moreover, crosstalk among inflammatory cells and local effector cells
is possible. How the cellular interactions affect
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progress towards culmination of repair or regeneration
remain to be determined. More importantly, results
from studies cited above suggest that the progression
towards a potential resolution is not irrevocable.
Elucidating how ongoing local dialogs and influences
from systemic input affect transitional cell function as
effectors move towards resolving tissue damage will
be an important challenge for future studies.

Resolution
As the response to injury is being completed, the
activated tissues must be re-integrated into the parental
(damaged) tissue. This final resolution yields new cells
and tissues that resemble and function identically to
those removed by the injury, in the case of
regeneration, or as new connective tissue, in the case
of wound repair. If re-integration does not occur, a
mass of new, but non-integrated, tissue exists in
association with the damaged tissue or organ. This
tissue can be considered neoplastic, in the classical
sense of the term (neo [Greek] = new and plas [Greek]
= form) as originally described by Virchow (Virchow,
1863, p. 88), since its cells do not resemble those of
the host tissues and might function independent of the
host tissue in which they reside. In this fashion, events
leading to repair or regeneration potentially could
spawn tumors. However, there is currently no concrete
evidence to indicate that this is the way that any
defined clinical tumor arises.
Experimental support is available from at least two
sources for the notion that appropriate reintegration is
essential for successful culmination of repair or
regeneration. For example, systemic manipulations,
such as limb denervation or hypophysectomy, of adult
newts can cause the outcome following limb
amputation to be redirected from regeneration to
formation of a connective tissue scar (Hay, 1966;
Stocum, 1995; Tassava and Olsen, 1974; Liversage,
McLaughlin, McLaughlin, 1974). While this might
represent a failure to activate a population of effector
cells capable of yielding regeneration, it might also
represent failure to direct appropriate re-integration of
activated effector cells as functional parenchymal cells.
In addition, we have recently reported that fluids
derived from wound repair environments stimulate
proliferation of myoblasts but do not promote their
differentiation in vitro (Sicard and Nguyen, 1994).
More importantly, we have also demonstrated that
myoblasts do not form myotubes in PVA sponges as
wound repair progresses in vivo, although they
contribute to myotube formation in regenerating
muscle implanted into PVA sponges (Sicard, Nguyen,
and Witzke, 1997). These latter studies suggest that the
mammalian wound repair environment, while able to
sustain and promote expansion of a myoblast
population (events of progression), does not support
the differentiation (a reintegration event) necessary for
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culminating skeletal muscle regeneration. We do not
know whether this inability to support or promote
myogenesis represents the absence of a promoter or
the presence of an inhibitor in the mammalian wound
repair environment. Nevertheless, it underscores the
distinctiveness of wound repair and regeneration
microenvironments. Future studies, by us and others,
will seek to characterize the nature of these
differences and determine how they affect postinjury
resolution.
SYNOPSIS AND CONCLUSION

Regeneration and repair yield clearly distinct
resolutions to injury. It is apparent that divergent
cellular activities underlie these resolutions. The
hypothesis and model put forth here suggest that
these differences can be exploited to define factors or
events responsible for either regeneration or repair. As
depicted by this model (Fig. 2), repair and regeneration are parallel cyclical processes consisting of phases
each dominated by discrete cellular events.
Events of the initiation phase determine which
effector cells are selected or the manner in which they
will subsequently respond. As a consequence, the
pathway by which injury is resolved becomes
established. This imposes a character, ~r bias, on
subsequent events that occur at the site of injury.
During the progressive phase, these effector cells are
expanded as an active population upon which final
resolution will depend. Cell-to-cell dialogs and matrixto-cell interactions occur at this time that modulate this
progression. These events are responsive to both local
and external influences. Finally, the resolution phase
relies upon actualization of the potential(s) of the
effector cell pool. The commitment and re-integration
of activated effector cells enable the ultimate postinjury outcome to be realized.
Efforts to correct disturbances in wound healing
have driven studies directed at understanding both the
progress and resolution of repair. The increasingly
more detailed appreciation of the regulation of
progressive events of both wound healing and tissue
regeneration have contributed, more recently, to
efforts at tissue reconstruction and bioengineering.
Investigations into these areas promise to improve the
quality of naturally occurring processes of repair and
regeneration. While these advances will enable us to
affect the quality of post-injury resolution, this line of
inquiry will not enable us to change the character of
that outcome. Greater exploration of the events
encountered in the immediate aftermath to injury, how
they are regulated, and how they influence
embarkation on progressive events of correcting tissue
damage will be required to achieve this. When we
have learned to read the signposts directing either to
repair or regeneration, then, we will be able to redirect
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the course of post-injury resolution and say with Frost,
" ... and I-I took the [road] less traveled by. And that
has made all the difference."
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